-is formed in basic solutions. Our spectroscopic results indicate tetragonal geometry for the [Cu(en)(b-Ala(P))] species, a geometry slightly deviated from square pyramidal for the [Cu(dien)(b-Ala(P))] complex, and somewhat stronger geometry distortion was present for the [Cu(Me 5 dien)(b-Ala(P))] complex. The coordination modes in these heteroligand complexes are discussed.
Introduction
Aminoalkylphosphonic acids occupy an important place among the various compounds containing a P-C bond and the amino group because they are analogues of natural amino acids, the 'building blocks' of peptides and proteins. Their utilities as enzyme inhibitors, anticancer agents, antibiotics, neuromodulators, plant growth regulators and herbicides, antibacterial compounds, and many other technical and industrial applications such as chelating agents and scale inhibitors have attracted the interests of chemists for a long time [1, 2] . So, it is worthwhile to assemble information on their formation, stability and structure, and the mutual influence of two different ligands bound to the same metal ion.
Chemical speciation calculations based on numerical equilibrium data are of extreme importance for potential future developments.
Our research work on heteroligand complexes with some polyamines and aminophosphonic acids such as glycinephosphonic acid (Gly(P)) and a-alaninephosphonic acid (a-Ala(P)), which are analogues of amino acids, have shown that the substitution of the carboxylate group by the phosphonic function distinctly changes the coordination ability of the ligand in ternary systems [3, 4] . The studies have also demonstrated that, in the heteroligand complexes, the geometry around copper(II) is closely related to the type of polyamine, i.e., to the number of nitrogen atoms of the polyamines which are potential coordination sites. As a continuation of the previous studies, the b-derivative of aminophosphonic acid in the ternary systems has been investigated. According to our knowledge, no data exist for the ternary systems with b-aminophosphonic acids. The arrangement of the donor atoms in b-derivatives of aminophosphonic acid allows for the formation of a six-membered chelate ring. Thus, it seems to be interesting to investigate whether such structural arrangement of the ligand affects the coordination geometry of the heteroligand complexes to the same extent as was observed in the ternary systems with an a-derivative of aminophosphonic acid [3, 4] , amino acids [5, 6] or aminohydroxamic acids [7] [8] [9] [10] [11] .
Consequently, the present paper reports studies on the systems Cu 2? -L 1 L 2 {when L 1 = ethylenediamine (en), diethylenetriamine (dien) or N,N,N 0 ,N 0 ,N 00 -pentamethyldiethylene triamine (Me 5 dien), and L 2 = 2-aminoethylphosphonic acid (b-alaninephosphonic acid) (b-Ala(P)} using pH-metric, spectrophotometric, and EPR methods.
Systematic comparisons between different Cu 2? -L 1 L 2 ternary system with L 2 = Gly(P) or a-Ala(P) have been performed. Although these systems exhibit many similarities, some important differences are also found. The differences between the complex-forming properties of aminophosphonates and aminocarboxylates in ternary systems have been explained by differences in basicity, charge and size of the ÀPO 2À 3 and -COO -groups.
Experimental

Chemicals
Ethylenediamine dihydrochloride (enÁ2HCl), diethylenetriamine, N,N,N 0 ,N 0 ,N 00 -pentamethyldiethylene triamine, and 2-aminoethylphosphonic acid were purchased from SigmaAldrich Chemical Co. All chemicals were of purity greater than 99 % and they were used without further purification. The purity of the ligands and the concentrations of the ligand stock solutions used for potentiometric measurements were determined by Gran's method [12] . The CuCl 2 and HCl standard stock solutions were prepared from Titrisol concentrates (Merck). The exact concentration of copper ions in the stock solution was determined via complexometric ethylenediaminetetraacetate titration. The HCl concentration was determined by pH-potentiometric titrations using Gran's method [12] . Carbonate-free potassium hydroxide solution (the titrant) was prepared from cc. KOH and standardized against a standard potassium hydrogen phthalate solution. All solutions were prepared with bidistilled water. The formulae of the fully protonated form of the ligands used in this study are shown in Scheme 1.
Potentiometric and Spectroscopic Studies
The pH-potentiometric measurements were carried out at an ionic strength of 0.2 molÁdm -3 (KCl) at the temperature 25.00 ± 0.1°C. Carbonate-free KOH solution of known concentration (ca., 0.15 or 0.3 molÁdm ) was used as titrant. A MOLSPIN automatic titrator system equipped with a combination pH electrode (Single Pore Plast or Single Pore Glass, Hamilton) was used for pH-potentiometric measurements. The electrode system was calibrated by periodic titrations of an HCl solution (0.008 molÁdm -3 in KCl) against standard KOH solution. The resulting titration data were used to calculate the standard electrode potentials, E°, and the dissociation constant for water (pK w = 13.74 ± 0.02). These values were then used to calculate the hydrogen ion ] from the emf readings [13] . All of the pH-potentiometric titrations were performed under an argon atmosphere over the pH range of 2-11 or until precipitation occurred. The initial volume of the samples was 5.00-6.00 cm 3 . For the binary systems the ligand concentration was (2.5-3) 9 10 -3 molÁdm -3 and the copper(II) ion concentrations varied over the range of (0.6-3) 9 10 -3 molÁdm -3 according to the metal ion-to-ligand ratios: 1:1, 1:2 and 1:4. For the ternary systems the ratios of copper(II):en/ dien/Me 5 dien:b-Ala(P) were 1:1:1, 1:1:2, 1:2:1, 1:2:2 and 0.5:1:1. Titrations were usually made on samples containing copper(II) ion concentrations of (2.5-3) 9 10 -3 molÁdm -3 or 1.25 9 10 -3 molÁdm -3 (in the case of the 0.5:1:1 molar ratio). The pH-metric results were utilized in order to find the stoichiometry of the species and to calculate the stability constants of the species formed in the ternary systems. The calculations were made with the aid of the computer program HYPERQUAD 2006 [8] . The equilibrium models for the ternary systems and the corresponding stability constants giving the best fits of the pHmetric titration curves are presented in Table 1 .
UV-Vis measurements were performed on the binary and ternary systems. A Beckman DU68 spectrophotometer was used to record the electronic absorption spectra in the range of 300-900 nm at room temperature. The path length was either 1 or 2 cm. The measurements were carried out in aqueous solutions, at different pH values (0.3 pH unit step) between 2.5 and 11, and at all metal-to-ligand ratios studied, with 4 9 10 -3 molÁdm
copper(II) ion concentration. All of the solutions were freshly prepared using bi-distilled water. The metal ion-to-ligand ratios for the copper(II):b-Ala(P) binary system are 1:1 and Table 1 Cumulative formation constants (log 10 b), derived equilibrium constants (log 10 K), and characteristic parameters for the stability of complexes formed in the ternary systems Cu -enb-Ala(P) -Me 5 dien binary system [9] J Solution Chem (2012) 41:1948-1964 1951 1:2. For the ternary systems copper(II):en:b-Ala(P), copper(II):dien:b-Ala(P) and copper(II):Me 5 dien:b-Ala(P), the concentration ratios are 1:1:1 and 1:1:2. These concentration ratios of the reagents were chosen in order to achieve as high as possible concentration of the heteroligand species and to get the lowest concentrations of co-existing species in the solutions. The net ligand-field absorption band of each heteroligand species was extracted from the absorption spectra by applying the procedure described in Ref. [7] . EPR spectra were performed on a Bruker 300E X-band spectrometer equipped with a Bruker NMR gauss meter ER 035 M and a Hewlett-Packard frequency counter HP 5350B at -196°C and at room temperature. Due to the strong absorption of microwave energy by water, very narrow sample tubes were used for liquid solution measurements. Samples for EPR studies were prepared in water/ethylene glycol (4:1 v/v) solutions to ensure good glass formation with a copper(II) concentration of 4 9 10 -3 molÁdm -3 in all samples. The copper ion-to-ligands molar ratios are the same as those used in the electronic absorption spectra measurements. The binary and ternary systems solutions were usually studied over the same pH range as in the potentiometric studies. The pH of solutions was measured using a Mettler-Toledo, MP 2300 pH-meter with a combined pH electrode (SINGLE PORE GLASS, Hamilton). The EPR parameters were calculated by computer simulation of the experimental spectra using Bruker's WIN-EPR SimFonia Software Version 1.25.
Results and Discussion
The dissociation constants for the ligands and the stability constants of the complexes formed in the binary systems were redetermined under the same experimental conditions as those applied for the ternary systems (ionic strength 0.2 molÁdm
, set with KCl solution). The results are in good agreement with previously published data [8] [9] [10] [11] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The stoichiometries of the complexes and the corresponding stability constants yielding the best fit of the pH-metric titration curves are shown in Table 1 . According to these data, heteroligand complexes with [Cu(L 1 )(b-Ala(P))] stoichiometry are formed in all of the studied ternary systems. However, the concentrations of these species in the present systems are distinctly lower than the concentrations of the heteroligand complexes formed in the ternary systems studied by us earlier with the same polyamines and glycinephosphonic acid [3] or with a-alaninephosphonic acid [4] . In the Cu 2? -en-b-Ala(P) ternary system the hydroxo heteroligand [Cu(en)(b-Ala(P))H -1 ]
-species also occur in basic solution. From these results, representative concentration distribution curves calculated at 1:1:2 molar ratios, together with the k max values of the visible spectra as a function of pH for Cu 2? -enb-Ala(P), Cu 2? -dien-b-Ala(P) and Cu 2? -Me 5 dien-b-Ala(P) ternary systems, are presented in Fig. 1 .
ð ÞðbÀAla P ð ÞÞ (Table 1 , row 3), is much lower for the heteroligand species involving the tridentate ligands dien and Me 5 dien than for the species containing the bidentate ligand en. Analogous results were obtained for ternary systems of the same polyamines and phosphonic acid [3, 4] and for different amino acids in copper(II) solutions [5, 6] .
Similarly, the obtained value of the Dlog 10 K parameter for [Cu(en)(b-Ala(P))] ( Table 1, row 7) , which characterizes the tendency towards formation of heteroligand complexes [24] , is typical for a complex with distorted octahedral geometry and two different bidentate ligands in the coordination sphere of the Cu 2? ion [25, 26] . Values of this parameter close to -1 were obtained for the heteroligand species of tetragonal geometry studied by us earlier, formed by ethylenediamine and other phosphonic acids [3, 4] , aminoacids [5, 6] , and aminohydroxamic acids in copper(II) solutions [11] . However, in the case of the heteroligand complexes [Cu(L 1 )(b-Ala(P))] with dien or Me 5 dien (Table 1,  row 7) , the values of Dlog 10 K are clearly lower, most probably because of the lower (than six) coordination number of Cu 2? . Such low values of this parameter were found previously in the case of five-coordinate copper(II) heteroligand complexes formed with diethylenetriamine or N,N,N 0 ,N 0 ,N 00 -pentamethyldiethylene triamine with phosphonic acids [3, 4] , as well as aminoacids or aminohydroxamic acids [5-8, 10, 23] .
In turn, the value of the log 10 X parameter calculated for the studied heteroligand species (Table 1 row 8) is somewhat lower for [Cu(en)(b-Ala(P))] and distinctly higher for [Cu(dien)(b-Ala(P))] than are expected on a statistical basis (0.6) [24] . This indicates that, in the studied ternary systems, the formation of heteroligand complexes is favored and it is especially preferred in the system with dien. This is a reflection of the ratio of the stepwise formation constants for the binary Cu 2? -amine system (log 10 (K Cu(dien) /K Cu dien ð Þ 2 ) = 11.26, which is significantly greater than log 10 ðK CuðenÞ =K CuðenÞ 2 Þ = 1.43. The same effect was observed for the ternary systems with other studied phosphonic acids and amino acids [3] [4] [5] [6] .
Cu
2? -en-b-Ala(P) System
The species distribution curves for the Cu 2? -en-b-Ala(P) system at 1:1:2 molar ratio as a function of pH, presented in Fig. 1a , indicate that under these experimental conditions [Cu(en)(b-Ala(P))] heteroligand species start to form at higher pH (above pH 5.5) than the analogous heteroligand species formed in the ternary systems with glycinephosphonic (Gly(P)) or a-alaninephosphonic acids (a-Ala(P)) [3, 4] . The EPR parameters of the spectra observed up to this pH in the liquid and frozen solutions (g iso = 2.138, A iso = 69 9 10 -4 cm -en binary system in an acid solution [11] ) is also observed. Just above this pH a completely new spectrum is observed for coexisting species in equilibrium. It was obtained by subtraction of the EPR signals from the binary species in equilibrium (with suitable contribution), present also in the Cu-en-b-Ala(P) ternary system over the pH range 8-10. The EPR parameters of this spectrum observed in the liquid and frozen solution at this pH range (g iso = 2.117, A iso = 77 9 10 -4 cm -1 and g || = 2.237, A || = 185 9 10 -4 cm Fig. 2a, d ; Tables 2, 3 ). It is easily noticed that the EPR parameters obtained and the absorption spectroscopic data for the studied ternary system are similar to those Table 2 Visible and EPR spectral parameters of the complexes formed in the ternary systems Cu 1948-1964 1957 corresponding to the heteroligand species formed by en and glycinephosphonic or aalaninephosphonic acid with the same donor atoms in the coordination sphere of copper(II) ions (Table 3 ) and amino acids [6] . Therefore, they clearly support the formation of (NH 2 , NH 2 ) and (NH 2 , PO 
Cu 2? -dien-b-Ala(P) System
As is well demonstrated in Fig. 1b , under the applied experimental conditions {Cu 2? :dien:b-Ala(P) at 1:1:2 molar ratio}, the b-Ala(P) ligand begins to interact with the [Cu(dien)] 2? species above pH 7.5. In the pH range 4-7, the EPR spectrum typical for the [Cu(dien)] 2? complex (g iso = 2.114, A iso = 76 9 10 -4 cm -1 and g || = 2.234, A || = 194 9 10 -4 cm -1 ) is observed and is predominant in the liquid and frozen solutions. Upon increasing the solution pH, a distinct change of the EPR spectral feature can be noticed. The spectrum corresponding to the [Cu(dien)] 2? complex is still observed and is dominant between pH = 7.0 and 8.5, but above pH 8.0 a new spectrum is also observed. This new spectrum observed in the frozen solution, with parameters g 1 = 2.216, g 2 = 2.057, g 3 = 2.047 and
, that is clearly observed in the pH range 9.0-10.5 in this ternary system, is obviously different from those recorded for the -b-Ala(P) system at 1:2 molar ratio (d) (c Cu 2þ = 4 9 10 -3 molÁdm -3
, 2 cm cell) Cu 2? -dien or Cu 2? -b-Ala(P) binary systems in this pH range. These results unambiguously show the existence of the heteroligand species [Cu(dien)(b-Ala(P))] in this ternary system. The EPR parameters obtained for this species are consistent with those corresponding to a five-coordinate species formed by dien and other phosphonic acid or amino acids or in the frozen copper(II) solution (Table 3 ) [3] [4] [5] [6] . Therefore, b-Ala(P), similarly to Gly(P) or a-Ala(P), completes the coordination number of five by binding amine nitrogen in the Cu 2? plane and phosphonic oxygen in the axial position. This assumption is supported by characteristics of five-coordinate asymmetry in the isolated electronic absorption spectrum obtained for the [Cu(dien)(b-Ala(P))] species over the pH range 9.5-10.5 (Fig. 3 ) [3] [4] [5] [6] 8] . Based on the EPR results (the presence of a weak rhombic distortion, Table 2 ), it can also be concluded that, similar to other heteroligand species of this type, the geometry of the [Cu(dien)(b-Ala(P))] complex slightly deviates from square pyramidal towards trigonal bipyramidal [27] . Summing up, the structures of this heteroligand species are presented in Fig. 1b and the donor set, {NH 2 , NH, NH 2 }{NH 2 , PO 2À 3 }, is the same as for other heteroligand species formed by the tridentate ligand dien and studied earlier for bidentate phosphonic acids [3, 4] .
Representative concentration distribution curves calculated for the Cu 2? -Me 5 dien-bAla(P) system at 1:1:2 molar ratio, together with k max values of the d-d band, are presented in Fig. 1c . As Fig. 1c shows, up to pH * 7.5 the simple species with Me 5 dien is practically the only one present in the solution under these experimental conditions. Simple species with b-Ala(P) are formed in very low concentration (less than 5 %). The EPR parameters of the spectra observed below pH 7.5 in the liquid solution (g iso = 2.119, A iso = 74 9 10 -4 cm
) and frozen solution of this ternary system (g z = 2.238, g x = 2.067, g y = 2.046 and A z = 180, A x = 24, A y = 13 9 10 -4 cm -1
) correspond well to those calculated for [Cu(Me 5 dien)] 2? formed in the binary system ( Table 3) . As the pH of the solution is increased above pH 7.5, heteroligand species start to appear. Both the EPR spectra and absorption spectroscopic data support the existence of the [Cu(Me 5 - dien)(b-Ala(P))] complex (maximum concentration nearly 70 % at pH 9.5-10.5) (Fig. 1c) . The EPR spectral characteristics of this species are observed between pH 9.0 and 11.0. By deconvolution of the EPR spectra recorded in this pH range, the individual spectrum for this complex was calculated. The EPR parameters calculated from the separated EPR spectrum of this heteroligand species in frozen solution, g 1 = 2.225, g 2 = 2.067, g 3 = 2.047 and A 1 = 184, A 2 = 31, and A 3 = 12 9 10 -4 cm -1 , are typical for the ''rhombic'' spectrum of five-coordinate heteroligand species with a geometry intermediate between trigonal bipyramid and square pyramid [28, 29] . However, the values of g parameters and the hyperfine splitting constants A of this heteroligand species are different from these obtained for [Cu(Me 5 dien)(Gly(P))], [Cu(Me 5 -dien)(a-Ala(P))] ( [30] . It is very interesting to compare the values of the R {R = (g y -g z /(g x -g y )} parameter calculated for heteroligand complexes formed in the Cu 2? -L 1 L 2 ternary systems with L 1 = dien or Me 5 dien and L 2 = b-Ala(P) or a-Ala(P). The value of this parameter is a measure of the geometric distortion from square pyramid to trigonal bipyramid and the relative contributions of the d z 2 and d x 2 Ày 2 orbitals in the ground state [29] . For [Cu(-dien)(a-Ala(P))] and [Cu(Me 5 -dien)(a-Ala(P))] the values of R are 0.064 and 1.948 [4] , respectively, whereas for [Cu(-dien)(b-Ala(P))] and [Cu(Me 5 -dien)(bAla(P))] they are 0.063 and 0.120, respectively. This indicates that the greatest contribution is from the d z 2 orbital in the ground state and a structure closer to a trigonal bipyramid is found when a-Ala(P) and Me 5 dien are involved in the heteroligand complex due to a dominant bulky effect of two methyl substituents at each nitrogen atom. It is worthwhile to mention that a very strong rhombic distortion in the geometry was also -L 1 (en, dien, Me 5 dien)-L 2 (L = a-Ala, b-Ala, Gly(P) and a-Ala(P)) systems at 25.00°C and I = 0.2 molÁdm -3 (KCl) (charges are omitted for simplicity) Assignments a-Ala b-Ala Gly(P) a-Ala(P) Ref. [5, 30] Ref. [10, 33] Ref. [3] Ref. [4] [31, 32] . It is noteworthy, that for both heteroligand species with dien, the values of this parameter are very small and almost identical and independent of the L 2 ligand involved. This suggests that the structure of these complexes is much closer to square pyramidal. However in the case of [Cu(Me 5 -dien)(b-Ala(P))] the value of R is significantly lower in comparison with the value of this parameter calculated for [Cu(Me 5 -dien)(a-Ala(P))] and twice as high as the value obtained for heteroligand species with dien. As a conclusion, it can be suggested that the geometric distortion for the [Cu(Me 5 -dien)(b-Ala(P)) species is stronger than for the heteroligand species containing dien (Table 2) This difference may be assigned to the dissimilar chelate rings formed by both aminophosphonic acids-a five-membered chelate ring in the case of a-Ala(P) and a sixmembered chelate ring in the case of b-Ala(P). It should be mentioned here that similar spectroscopic and structural relations between a-and b-derivatives are observed in the case of aminohydroxamic acids [9, 23] . That the [Cu(Me 5 -dien)(b-Ala(P))] complex is dominant between pH 9.5 and 10.5 is also supported by the electronic absorption spectra. The variable pH absorption spectra of the Cu 2?
-Me 5 dien-b-Ala(P) ternary system obtained in basic solutions (Fig. 2c) -b-Ala(P) binary systems (Fig. 2d) . The isolated electronic absorption spectrum at pH * 10.0 (Fig. 3 ) exhibits a broad band in the 600-800 nm range with characteristics of five-coordinate complex asymmetry. Moreover, the energy of the d-d transition for [Cu(Me 5 -dien)(b-Ala(P))] ( Fig. 3 ; Table 2 ) is consistent with those for fivecoordinated heteroligand species with a 4 N donor set [3, 4, 6] . Thus, b-Ala(P) completes the coordination number to five by binding in a bidentate manner (NH 2 , PO À2 3 ).
Stability Comparisons Among Different Cu 2? -L 1 L 2 Ternary Systems
It is very interesting to compare the relative stabilities of the complexes formed in the ternary systems with a-and b-derivative of phosphonic acid with those of amino acids (Tables 1, 4 ). The data clearly show that the relative stabilities of the heteroligand [Cu(L 1 )(L 2 )] species with amino acids [5, 10, 30, 33] are about 2-4 orders of magnitude higher than those for the phosphonic analogues, even though some particular a-and bderivatives of amino acid and phosphonic acids form chelate rings of the same size and involve a similar mixed-bonding mode (N, O). Accordingly, the relative stability decrease for the heteroligand species of b-Ala(P), which forms six-membered chelate rings, is smaller than those for Gly(P) or a-Ala(P), which form five-membered chelate rings (Tables 1, 4 ). This can be explained in part by the significantly larger size of the PO À2 3 group. The steric hindrance decreases with increasing size of the chelate ring. The same relative stability decrease effect of phosphonate complexes in comparison to carboxylates was also observed in the case of binary systems with different metal ions [18, 31, 32, 34] and still exists in the ternary system with copper(II) ions. Here is another important point about the relative stability of the heteroligand complexes. The values of the relative stability constants show that the heteroligand complexes formed with Gly(P) or aAla(P) are more stable than those formed with b-Ala(P) although the basicity of the coordinating donor groups is higher for the latter ligand. Today we know that the formation of six-membered chelate rings generally results in a decrease of thermodynamic stability and distortion of the coordination geometry of the complexes.
Conclusions
In the copper(II)-polyamine-b-Ala(P) ternary systems studied, the potentiometric, VIS and EPR results support the formation of heteroligand complexes with [Cu(L 1 )(b-Ala(P))] stoichiometry. In the case of the [Cu(en)(b-Ala(P))] species, which is present in basic solutions, the formation of (NH 2 , NH 2 ) and (NH 2 , PO
À2
3 ) chelates in the equatorial plane of the copper(II) ion is supported. In contrast, complexes of the other heteroligand species with tridentate amines are five-coordinate. For the [Cu(dien)(b-Ala(P))] species, a geometry that deviates slightly from square pyramidal is postulated. In this heteroligand species the binding of Cu 2? in the equatorial plane is realized by the three amine nitrogens of dien, and the amine nitrogen of b-Ala(P) and phosphonic oxygen complete the coordination number of five by binding to Cu 2? in the axial position. The coordination mode in the heteroligand species containing Me 5 dien is the same as in the case of dien, but the geometric distortion for the [Cu(Me 5 -dien)(b-Ala(P)] species is stronger than for the [Cu(dien)(b-Ala(P))] species. The arrangement of the donor atoms in b-Ala(P) allows the formation of a six-membered (N, O) chelate and results in a decrease of thermodynamic stability and the distortion of the coordination geometry of the complexes, in contrast to the heteroligand species with five-membered chelates such as in the case of the a-derivatives of aminophosphonic acid.
